In this work we have studied the terahertz spectra of modern artificially aged and ancient paper samples using terahertz time-domain spectroscopy. Hydrothermal artificial ageing was performed in closed and open reactors. Ancient paper samples were produced during the 15 th century in European countries. The main aim of the work is the quantitative assessment of spectral feature observed by terahertz spectroscopy as a function of degradation. To this goal, the state of degradation of paper samples was characterized by crystallinity measurements obtained by using X-ray diffraction and by the degree of polymerization of cellulose polymers obtained by size exclusion chromatography. The behavior of the terahertz spectra was formerly investigated as a function of the hydration of paper samples. This allowed discriminating between the spectral features induced by the presence of water and those induced by degradation of paper. Results indicate clear dependences of spectral parameters from the evolution of crystallinity and the degree of polymerization. They can be used as a nondestructive analytical method to assess the state of degradation of ancient paper by terahertz spectroscopy.
Introduction
Cellulose-based materials have had several applications since the ancient times [1] . In particular, cellulose has played an important role in human civi-lization because it has been widely used for the production of paper and textile. Nowadays paper is used for applications spanning from packaging to electrical 5 insulators in power transformers to production of biocompatible materials in medicine and pharmaceutical industry [2, 3] . However, since it was invented in China in the 1 st century A.D., its main application has been as writing support and medium for storing human knowledge. As a result a huge number of books, graphic works and ancient documents have been accumulating in archives, li-10 braries and museums all over the world.
In Middle Ages and up to the middle 19 th century paper was obtained from pure cellulose fibers from linen, hemp or cotton raws, grinded in water with the addition of lime (calcium-containing inorganic mineral in which carbonates, oxides, and hydroxides predominate), and then drained through a sieve, pressed 15 and dried, to obtain a sheet composed of a network of randomly interwoven fibers [4] . Animal glue was added as sizing compound. The resulting materials showed an excellent durability, and a large amount of ancient paper appears to be in a good conservation state.
Diagnostics methods able to provide information about the physical and 20 chemical properties of ancient paper are however needed in order to quantitatively asses its state of conservation. Particularly important are nondestructive diagnostics methods, in particular spectroscopic methods using non-ionizing radiation allowing easy and safe access to the radiation beam for the artefact and avoiding a direct contact with its surface [5, 6] . This is particularly true for 25 paper and cellulose artefact made of delicate organic matter. The polymeric unit of cellulose is composed of β-D-glucopyranose units forming long polymeric chains of the order of thousands of monomers bonded by β-(l→4)-glycosidic linkages. The equatorial conformation of β-linked glucopyranose residues (-OH) stabilizes the chair conformation structure of cellulose 30 by the formation of both intermolecular and intramolecular hydrogen bonds.
The intermolecular hydrogen bonds are the predominant factor responsible for interchain cohesion. Overall, cellulose fibers have a pseudo-crystalline structure, composed of randomly distributed highly ordered (crystalline) domains and disordered (amorphous-like) regions [7] . The relative amount of polymer within the crystalline domains covers a wide range and depends on the origin and pretreatment of the sample, for native cotton cellulose being around 60-70% [8] .
A system of pores and voids is contained within the paper structure. They are of nanometric size when fully confined in the amorphous regions, while they 40 extend up to hundreds of nanometers within the cellulose fibres in paper. Pores within the paper structure are closely related to its density that is determined during papermaking. Pores and voids strongly influence the reactivity of cellulose due to water and external agent accessibility [9, 10] .
Water molecules can be absorbed by cellulose wherever hydroxyl groups are 45 available. The interaction between cellulose and water always occurs at the surface of crystalline domains or within amorphous regions. As a consequence the cellulose fibres, and paper as whole, absorb water into its structure. This phenomenon is called hydration. Under ambient conditions, at about 20
• C temperature and 50% relative humidity (RH), paper contains from 5 to 8% 50 of water in weight. Drying paper in a dry environment at room temperature reduces the number of water molecules up to about 2% [11] . A minimal amount of water makes part of the paper structure itself bridging different cellulose chains or it is H bonded to hydroxyl groups at the available surfaces: this is called bound water. Water that can be removed by drying is called free water 55 [11, 9] .
Paper ageing is initiated by external environmental factors, such as light, temperature, pollution and humidity, and by internal factors, such as pH, presence of impurities or additives (due to inks, sizing and fillers, by-products of degradation reactions) which may promote the hydrolysis β-D-glucopyranose 60 units and the oxidation of β-(l→4)-glycosidic linkages [12, 13, 14] .
These reactions are accompanied by the rearrangement of the H bond network and the consumption of the amorphous regions where both reactions proceed. As a consequence degradation causes an increase of the relative amount of polymer within the crystalline domains [8] .
Terahertz (THz) science is a growing field of research thanks to an intense interaction between physics and engineering disciplines. This has made possible the development of systems to generate, detect and manipulate broadband coherent THz radiation [15] . THz spectroscopy is an active research field in chemistry, physics and biology, allowing detecting and identifying low-energy 70 vibrational mode and excitation in molecules and condensed matter [16, 17] . In addition, it is exploited in industrial product diagnostics and in security applications [18] .
Terahertz time-domain spectroscopy (THz-TDS) is a suitable approach to study low-energy vibrational properties of biological materials in a nondestruc-75 tive way. The THz photon energy range (about 1-40 meV) is particularly suitable to probe the H bonds between molecules. THz-TDS is able to probe the crystallinity of several materials, due to the interaction of THz radiation with optical phonons in crystal lattices [19] .
For these reasons, THz-TDS was applied to the assessment of the state of 80 degradation of single freely standing paper sheets providing clear fingerprints in the THz spectral profiles [20] . This was achieved by developing a new procedure to remove from the experimental signals the spurious interference effects generated by the Fabry-Pérot resonances in the sheets [21] . By using this approach, the THz absorption coefficient of cellulose fibers in ancient and modern 85 samples artificially aged were obtained. A complex evolution of the spectra as a function of natural and artificial aging was found and qualitatively explained with a reduction of the H bond density in the cellulose polymer networks and an increasing of the sample crystallinity as consequence of hydrolytic and oxidative degradation of cellulose in paper.
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In this paper, the THz spectra of modern artificially aged and ancient samples are studied in correlation with other quantitative diagnostic methods. For the appraisal of cellulose de-polymerisation, size exclusion chromatography (SEC) was used while samples crystallinity was estimated by using X-ray diffraction (XRD). The effect of the hydration of paper on THz spectra was studied 95 by performing measurements with samples enclosed in a variable RH measurement chamber. In this way the contribution of free and bound water as well as that of bulk cellulose on the THz spectra was clearly identified and quantified. The residual absorption of bound water and the spectral background due to H bonds density was also correlated with cellulose de-polymerisation and crys-100 tallinity. The features of the peak at 2.15 THz due to the crystalline domains were also studied as a function of degradation.
Materials and methods
Samples. In this work, both modern as well as ancient samples were studied. Modern samples, named P2, were sourced from the Netherlands Organization 105 for Applied Scientific Research (TNO). They are made of pure cotton linters cellulose, lignin free and ash content less than 0.005% in weight [13] .
Ancient samples were produced during the 15 th century in European countries, consisting of 4 specimens, bearing no print, sized with gelatine as was customary in ancient times to improve the paper writing quality. They are la-110 beled A1 and B1 (both made in Perpignan, France, in 1413) in good and in intermediate conservation conditions, respectively; A3 (made in Milan, Italy, in 1430) in bad conservation conditions due to the occurrence of a water spot in the past; and N1 made in Nuremberg (Germany), in the 15 th century, showing very bad state [22, 23, 24] .
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P2 samples were aged under two different conditions as reported in Table  1 . Aging in P2C conditions was performed for 6, 12, 24 and 48 days, while in P2V conditions for 6, 12, 24 and 47 days. After the artificial aging the modern samples were named P2REF (unaged) and P2Cx and P2Vy where x = 06, 12, 24 and 48, and y = 06, 12, 24 and 47 [13] . .
Terahertz time-domain spectroscopy. The THz spectra were acquired in the transmission mode by using a Menlo Systems (Germany) TERA K15 THz timedomain spectrometer (THz-TDS). THz radiation was generated by photoconductive antennae allowing the optical to THz signal conversion. The antennae were excited by a femtosecond fiber-coupled laser (Menlo Systems T-Light)
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with center wavelength of 1560 nm, 100 MHz repetition frequency, and a pulse duration of nearly 90 fs [26] . The THz radiation emitted by the photoconductive antenna was collected and collimated in a beam with a diameter of about 20 mm by means of a TPX TM (polymethylpentene) lens with 50 mm nominal focal length. THz radiation was then focused onto the sample using another
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TM lens with 100 mm nominal focal length. The samples were placed at the THz focus where the illuminated area was approximately 6 mm in diameter, so that the THz pulse could probe a large area, thus minimizing heterogeneity effects. The THz radiation transmitted through the sample was collected and collimated and then focused onto the detector antenna by another couple 135 of 100 mm and 50 mm nominal focal length TPX TM lenses. Acquisitions were performed by averaging the THz pulses over 1600 scans of the delay line (each lasting 0.125 s), therefore the time for a single acquisition was 200 s (Fig. 2) . The delay line scan range was 100 ps. Data were collected with a sampling step of 33.36 fs. Terahertz pulse data arrays were converted in spectral data by 140 a standard FFT (Fast Fourier Transform) algorithm. Fabry-Perot interference effects were removed from spectral data by a numerical procedure able to extract the optical parameters from THz TDS spectral data of very thin samples [20, 21] . In this way the absorption coefficient of samples α paper was obtained.
The paper samples consist of a random assembly of cellulose fibers and 145 voids, in a sample dependent relative concentration. Typical sizes of fibers and voids are around 10-20 µm, i.e. much smaller than the wavelengths associated to the 0.2 -3.5 THz range (i.e., from 1500 µm to 86 µm). Therefore, THz radiation probes the volume averaged properties of the papers sheets. To recover the absolute absorption coefficient of cellulose fibers at THz frequencies, it is necessary to estimate the relative amount of cellulose in the paper sheets. This information can be recovered from the paper sample density (ρ paper ) which was measured according to the procedure described in Ref. [20] . The relative error in the values of ρ paper is about 10%, essentially due to the uncertainty in the measurement of the sample thicknesses and weight, the last due to the unknown 155 moisture content. The volume fraction v of cellulose fibers in the sample can be obtained by assuming v = V c /V paper = ρ paper /ρ c , where V c and V paper are the volume occupied by cellulose fibers and the volume of the paper sheets used in this study, respectively, while ρ c = 1.5 g/cm 3 is the average density of cellulose fibers. The values of v for the samples studied are reported in Table   160 2. Such numbers are required to calculate the absolute absorption coefficient (α) of cellulose fibers, given that THz radiation probes the volume averaged properties of the papers sheets [27, 24, 28, 20] :
Since the water vapor absorbs THz radiation, the compartment of the spectrometer containing the photoconductive antennae and the lenses was purged 165 with dry N 2 for 120 min before spectra acquisition until the water vapor absorption lines became indistinguishable from noise. In order to study the THz spectra of samples as a function of RH the sample holder was placed in separate compartment purged with variable humidity N 2 realized by flowing the N 2 through de-ionized water. Two thin polyethylene (PE) foils (thickness 80 µm) 170 were used as windows for THz radiation transmission (Fig. 2) . RH measurement were performed by using a Rotronic electronic thermo-hygrometer. All measurements were carried out at a temperature of (23 ± 1)
• C. X-ray diffraction. XRD measurements were performed on a Philips X'Pert Pro MPD diffractometer, using Cu Kα 1 line (λ = 1.5405Å), equipped with a Johans-
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son monochromator and silicon position sensitive X'Celerator detector. Diffractograms were measured in the 10-40 2θ range with 0.008 degree step and collection time of 240 seconds per step. During measurements, variable divergence slit was used allowing to obtain constant sensitivity through the whole range of 2θ.
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XRD results were used to calculate crystallinity indexes (CI) using two methods: peak height method (CI h ) and deconvolution method (CI d ) both described in [29] . In peak height method CI h is calculated from the ratio between the height of the 002 peak (I 002 ) and the height at the minimum at ca. 2Θ = 19
• (I AM ) related to the amorphous phase. In deconvolution method 5 peaks are 185 fitted to simulate measured diffractogram: 4 of them refer to crystallite peaks and one is amorphous. The ratio between their areas is used to calculate CI d [29] (Fig. 3) . Due to the similarity of the results only CI d will be used for correlation with THz spectra.
Degree of polymerization. Molar mass distribution measurements were carried
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out by using size exclusion chromatography (SEC) with multiple angle laser light scattering (MALLS) and differential refractometry index (DRI) detectors [13, 30] . Molar mass distributions of paper samples (derivatised to cellulose tricarbanilates) were determined with use of Waters chromatographic system which consists of isocratic pump 1515, autosampler 717+,column oven, MALLS average degree of polymerization is given by DP = M n /M 0 , where M 0 is the molecular weight of the monomer unit. Hydrolysis of cellulose polymers is the principal cause of DP reduction. A typical trend in cellulose degradation is that in the initial stage the rate of DP decreasing is higher than in the advanced age-210 ing; this is the cause of the so-called level-off degree of polymerization (LODP) [13, 31, 32] .
DFT theoretical simulations. Cellulose was modeled as a crystal in its most common crystalline form (I β phase), as in Refs. [24, 27, 28] . Both the unit cell and the atomic coordinates of the structures were relaxed by using a density-215 functional-theory plane-wave code with ultrasoft pseudopotentials (QUANTUM ESPRESSO [33] nonlocal density functional has been employed. This functional is an enhanced version of VdW-DF [35] and it is based on a more accurate semilocal exchange functional, the PW86 [36] . It was chosen to achieve a better description of the H-bonds [37] . A cutoff of 40 Ry for the Kohn-Sham wavefunctions and of 800 Ry for the charge density was employed. Proper ultrasoft pseudopotentials
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[38], conveniently generated [39] to be suitable for the nonlocal VdW functionals, were used. The Irreducible Brillouin Zone has been sampled with 14 k-points [24, 27, 28]. Vibrational properties have been calculated using finite displacements within the DFT framework, as described in Ref. [40] . We applied this approach for the calculation of the phononic eigenvalues and eigenfunctions at 230 the Γ-point, to determine the cellulose THz absorption spectrum in its pristine form.
Results and discussion
The terahertz experimental absorption spectra of cellulose fibers in modern paper samples P2REF and P2V47 at 3 different values of RH is shown in Fig.   235 4. Overall, the absorption increases as a function of frequency showing, firstly, a monotonic increase from 0.2 THz to about 1.6 THz whose amplitude depends on RH. Superimposed to this trend, several different spectroscopic features, strongly dependent on RH, appear between 1.8 THz up to the upper limit of the spectra. A clear spectroscopic feature (shoulder) is always observed at about about 2.6 and 3 THz. Samples measured at RH=3.7% show, instead, a strong reduction of the intensity of the band at 2.6 THz while the band at 3.0 THz appears to be reduced in intensity, broadened and shifted at about 3.1 THz. Finally, in samples measured at RH=2.7%, while the shoulder at 2.15 THz still 245 appears well defined, only low intensity spectroscopic features are observed at higher frequencies. In particular, a small peak is observed at 3.1 THz for the P2V47 sample. The interpretation of the terahertz spectra as a function of RH can be founded on the knowledge of the molecular and supramolecular structure of 250 cellulose fiber in paper samples. Indeed, cellulose polymers in elementary fibers assembly through H bonds in crystalline and disordered (amorphous) regions. Indeed, the monotonic increase of the absorption is typically observed in the THz spectra of amorphous solids by H-bond networks [20, 41] . At the THz spectral regions these absorption spectra can be approximated by:
where C is a numerical coefficient which is expected to be proportional to the density of H bonds, β is an exponent which is approximately 2 in glassy materials and A is a constant [42] . In a previous work, the non-vanishing values of the constant A were interpreted as due to the existence of residual water in the paper structure [20] . In all samples, regardless of RH, the absorption 260 coefficient curve from 0.2 to 1.6 THz can be well approximated by Eq.2 function. However, the values of A and C coefficients obtained from a best-fit procedure appear to be dependent on RH. They are shown as a function of RH in Fig. 5 . Values of both parameters decrease at smaller RH for both samples. These results can be explained by remembering that the moisture content of cellulosic 265 materials decreases when RH decreases. Indeed, the decreasing amount of water embedded within the structure of paper decreases the H-bond density which is probed by the C coefficient. Also, the decreasing of A coefficient shown in Fig.  5 confirms the hypothesis that it is connected to the absorption of water present in the samples. The non-vanishing values of A and C for the lowest value of 270 RH indicate that a small amount of water is still present within the structure of cellulose. In fact, a minimal amount of water is part of the paper structure itself bridging different cellulose chains. This also happens in other biological samples such as proteins, where there is always some amount of water (internal or bound water) that constitutes a structural part of the system and cannot be 275 removed at room temperature [11, 9] .
When RH is decreased from 47.7 to 2.7% C decreases of 9.9 and 8.6 cm −1 /THz 2 for P2REF and P2V47 respectively, and A decreases of 3.3 and 4.7 cm −1 for P2REF and P2V47 respectively. Therefore, the unaged sample P2REF shows higher reduction of the density of H bonds and a lower reduction of water con-280 tent. The contrary happens for the aged sample P2V47 which shows a lower decreasing of H bond density and higher decreasing of water content. This behavior can be explained by the fact that the consequence of paper degradation is the rupture of H bonds linking cellulose polymers mostly within amorphous regions, thus enhancing the fibres accessible volume and the possibility for aged 285 paper to retain higher amounts of free water. However, in the aged sample the newly accessible regions lost their hydrophilic character due to the progressive transformation of hydroxyl groups of glucopyranose units into carbonylic groups. This prevents the formation of cellulose-water H bond and, therefore, the presence of bound water [9] .
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The non vanishing values of A and C coefficients at the lowest RH as shown in Fig. 5 also suggest that their values do not depend only on the content of free or bound water in paper. Indeed, their higher values with respect to the extent of the changes induced by the RH variation suggest a not negligible contribution of cellulose. This can be expressed as:
where A cell and C cell represent the contribution of cellulose, A water and C water that of free water in paper structure and A bw and C bw that of bound water at the cellulose fibers available sites. At ambient conditions, all three contributions concur to the measured values of A and C coefficients. When the RH is decreased in such a way that the contribution of free water is negligible (in 300 our case at RH=2.7%) A represents the residual absorption of bulk cellulose and of water bound to cellulose while C represents the overall density of cellulose H bonds and water-cellulose hydrogen-bonded structures (bound water).
Since cellulose is made of amorphous and crystalline regions, the peaks due to Absorption coefficients vs frequency of cellulose fibers in the modern samples artificially aged in P2C conditions (due to noise the spectrum of sample P2C12 has been truncated at 3.15 THz).
the crystalline phase should be superimposed to the disordered H-bond spectral 305 background. However, as shown in Fig. 4 , it is evident that hydration of paper strongly influences the terahertz regions where the crystalline phase peaks are expected to appear. Indeed, the spectra of P2REF and P2V47 samples acquired at RH 47.7% strongly differ from those acquired at RH=3.7 and 2.7% in the 2-3.5 THz spectral region. In panel b) of Fig. 4 this effect is evidenced by the 310 differences of spectra with respect to those acquired at RH=2.7%. Beside the strong reduction in the bands amplitude, decreasing of RH also results in a shift towards higher frequencies. This effect has been also observed in other hydrated materials [43, 44] .
In addition, since crystalline regions are believed to be not accessible to wa-315 ter molecules, the strong bands observed for the higher values of RH should be related to vibration of semi-crystalline domains. Absorption coefficients vs frequency of cellulose fibers in the modern samples artificially aged in P2V conditions (due to noise the spectra of samples P2V06 and P2V24 have been truncated at 3.15 THz).
microcrystalline cellulose submitted to ball milling procedures and equilibrated under dry N 2 for THz measurements [19] .
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Due to the strong influence of paper hydration on the THz spectra measurements on modern and ancient samples were performed at the lowest RH value (about (2.7 ± 0.3)%) obtainable by purging dry N 2 for at least 2 hours in the measurement compartments. The terahertz experimental absorption spectra of modern paper samples aged in P2C and P2V conditions are shown in Figures 335 6 and 7 respectively; those of ancient paper samples in Fig. 8 . All modern and ancient paper spectra show the monotonic increase of absorption as a function of frequency from 0.2 to about 1.6 THz and, superimposed to this trend, a clear shoulder at about 2.15 THz. In addition, some samples show a peak at about 3.1 THz: this is particularly evident in sample N1 and less apparent in the most 340 degraded samples of P2C and P2V series. The unaged or less degraded modern samples of P2C and P2V series show, instead, tiny spectroscopic features at 3.1 THz hardly distinguishable from noise.
Therefore, we concentrate on the study of the spectral features of the shoulder at about 2.15 THz. In order to separate the crystalline contribution from 345 the disordered background, a subtraction of the Eq.2 term was performed for every sample, extending the background fit deduced from the initial behavior (0.2-1.6 THz) up to about 3 THz. A Gaussian fit of the resulting curve was performed from 1.55 to 2.3 THz. The best fit values of the peak position, width and intensity are shown in Fig. 9 . Values appear to be scattered without show- The lack of a clear trend in the 2.15 THz peaks parameters, already ob-
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served in a previous work [19] , indicate that the aging and degradation of paper is a complex process in which chemical and structural phenomena compete. Since degradation primarily happens in the amorphous regions surrounding the crystalline domains [7, 8, 9] , the peak parameters could be influenced by vibrational modes in the neighboring amorphous regions and also to the progressive 360 degradation of the external surfaces of the crystalline domains, with consequent enhancements of finite-size effects in the phononic modes [45] . The behavior of A and C coefficients (Eq. 2) as a function of CI d is shown in Fig. 11 . Although values are scattered, in particular for ancient samples, evident trends emerge as a function of the increasing CI d also in this case.
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Overall data indicate that A and C coefficients decrease with increasing CI d . In fact, the increasing degradation of paper indicated by the crystallinity has as consequence the consumption of the amorphous regions with a consequent decreasing of the density of H bonds (C). The increasing oxidation of samples [13, 24] causes the lost of the hydrophilic character of the accessible regions due 370 to the progressive transformation of hydroxyl groups into carbonylic groups (A).
The behavior of A and C coefficients as a function of DP is shown in Fig.  11 . Although values are scattered, evident trends emerge as a function of the increasing DP also in this case. Overall data for ancient samples (open circles) indicate that A and C coefficients decrease with increasing DP. This is not true 375 for the modern samples artificially aged which show an almost constant behavior of A and C coefficients as a function of DP (squares and triangles). These results are in agreement with those of Fig. 10 indicating that the performed artificial aging, even though it produces relevant chemical changes, it is not able to mimic the transformation of the supermolecular structure of cellulose fibers 380 which happens in natural degradation.
Conclusions
In this work we have investigated the THz spectra of modern artificially aged and ancient paper samples using THZ TDS. The effect of paper hydration was preliminarily studied in order to clarify the origin of the observed spectral 385 features. THz spectra of paper samples are composed of a Eq.2 background due to the contributions of disordered H-bond networks of cellulose, free and bound water. Spectral bands induced by cellulose polymers crystalline domains are superimposed to this background. In fact, THz-TDS is sensitive to the crystallinity of several materials due to the interaction of THz radiation with phononic modes. The calculated peaks at about 2.2, 2.7, 3.0, and 3.3 THz appear to be in qualitative agreement with the experimental ones for higher values of RH. All these features are strongly dependent on the hydration of 395 paper samples. Therefore, in order to limit the hydration effects, THz TDS measurements were performed at the lowest available RH value. In such a way it was possible to correlate the behaviour of A and C coefficient and the intensity, width and peak position of the band at 2. 
